Abstract-We present detailed measurements of the radiated power loss from the TCA Tokamak using a 16-channel radiation bolometer array. The plasma density has been varied over a wide range up to the high density disruption limit, at several magnetic fields and plasma currents. The fractional radiated power is a well correlated function of the average electron drift speed, and is independent of the toroidal magnetic field. The occurrence of disruptions does not appear to be simply correlated with the total fractional radiated power, but more with the radiated power fraction on axis. The injection of light impurities clearly illustrates that there is no simple universal "law" which relates the disruption limit in TCA to the measurable radiated power loss. N o evidence of any disruption "precursor" has been seen in the bolometer data.
THE EXISTENCE of a high density limit to the operational range of a Tokamak was established by MURAKAMI et al. (1976) in terms of the reduced parameter ii,R/B,, where fie is the line-averaged electron density, R is the major radius of the discharge and B, is the toroidal field. The importance of this limit on future Tokamak operation was stressed at the same time by GIBSON (1976) . Since these early observations, this limit has persisted for ohmically heated discharges, and remains one of the best established "facts" of Tokamak operation. The value of ii,R/B, obtained on different ohmically heated tokamaks ranges from 4-6 x 1019 Weber-'.
A large effort has been devoted to understanding or predicting this operational limit, mainly in terms of the effect of impurity radiation on the thermal balance, already proposed at the time by both Murakami and Gibson. The reduced parameter B,/R is proportional to the current density on axis, j(O), for a fixed safety factor on axis (q,,), viaj(0) = B,/R x 2/p0q0, and thereby related to the ohmic heating power density on axis, Poh(0) = E(O)j (O) . Figure 1 shows the part of the operational diagram, l / q , versus A,R/B,, for the safety factor at the limiter radius, qo, greater than three. These steady state data were obtained using S i c coated limiters in TCA, whose parameters are: R, a = 0.61, 0.18 m, B, = 0.78-1.51 T, I, d 170 kA and n,(O) < 1.5 x 10'' m-3. This parameter range is fairly typical of medium-sized circular cross-section tokamaks. For qa > 3, the density limit is a function of qa, q,ii,R/B, being constant. For a given shape of the radial density profiles this relationship is equivalent to eN,/I, = constant, where Ne = Sn,(r)dS, and is therefore a measure of the inverse of the average electron drift speed. The universal form of this boundary presents a challenge to predictive models. Several authors have explained this limit. REBUT and GREEN (1977) introduced a radial transport model, and derived a density limit. ROBERTS (1983) derived a limit from the effect of edge-cooling. PERKINS and HULSE (1985) treated the problem choosing an a priori limit of JPraddV/lPo,,dV = SO%, integrated within the q(r) = 2 surface. Neither Roberts nor Perkins derived the explicit l / q , dependence from the radiative balance alone, since the behaviour inside q(r) = 2 is not simply determined by 4,. WESSON et al. (1985) have derived a limit for the JET Tokamak in which the l/q, dependence is explicit, as well as the B,/R dependence. The limit is given by the onset of thermal insulation from the limiters, i.e. lP,,,d V/lP,,d V = although detached discharges can be stable for a long time. This model assumes that the impurity concentration is independent of density, and that the radiation is limited to a narrow band near the plasma edge, clearly an approximation which is only valid for a discharge in which the impurities are fully stripped at the centre, whereas the density limit is found to exist in all conditions. The assumption that the density profile is density-independent is not valid for TCA. The fact that the radiation profiles can be so different across the range of machines with the same form of the density limit is therefore extremely important.
In their paper, PERKINS and HULSE (1985) remarked on the lack of experimental data, especially the radiated power profiles to compare with a model. In this paper we present one such set of experimental data, indicating that certain gross assumptions inherent in some models are not universally appropriate.
The pian of the paper is as follows. In Section 2 we describe the experimental conditions in which the data were taken. In Section 3 these data are analysed, searching for some underlying structure. In Section 4 we present the temporal evolution of the profiles of radiated power, up to the disruption itself.
EX P E R
The data described in this paper were obtained with either H, or D, as the filling gas. The discharges were all full-aperture (0.18 m), limited by four separate Sic coated graphite limiters in a "picture frame" configuration. We varied the controllable operational parameters, B,, A,, Z , as widely as possible. In addition we ran discharges with various low-Z gases puffed in during the plasma current flat-top, for comparison with the "pure" filling discharges. In these cases the impurity injection increased the electron density by a factor 2-3.
The diagnostics used were conventional. The central chord-averaged density was measured by a 140 GHz interferometer, the radial density profile by an 8-channel 447 pm interferometer and the electron temperature, by a single point single pulse Thomson scattering system. The most important diagnostic was a 16-channel radiation bolometer which uses semiconducting elements as temperature-dependent resistances (JOYE et ul., 1985) . The time resolution of the detectors is of the order of one millisecond. This instrument views a set of equally spaced chords across the plasma through a narrow horizontal slit, Fig plasma, and up to 0.15 m of the upper half is accessible. The major problem of such a system is its inability to detect any in-out poloidal asymmetry. Specifically the occurrence of a "Marfe", as observed at high density on some machines (NIEDER-MEYER et al., 1983; LIPSCHULTZ et al., 1984) , would render the interpretation difficult. We have examined the FIR interferometer data for evidence of "Marfe" activity on TCA. The viewing chords of this instrument are vertical, with an inner channel tangent radius of 0.155 m which would detect a "Marfe" if it occurred. We have not seen such an event. Marfe activity is generally accompanied by a large local increase in H, + D, emission, which we have not seen on a horizontally-viewing monitor.
Also none of the lines from low-Z ionisation states, which would become more intense during a Marfe, have shown any anomalously high activity. We therefore proceed on the basis of poloidal symmetry.
In Section 3 we will restrict ourselves to a study of quasi-stationary conditions. The condition of constant plasma current is particularly important, since it is observed that the density limit achieved in a stationary state can be exceeded for dZJdt < 0, for example when the loop voltage is cut at the end of the discharge. The dotted line in Fig. 1 shows one example of a trajectory in the operation diagram, which clearly crosses the stationary state limit. We ignore those disruptions preceded for more than one confinement time by a large increase in tearing mode activity. These disruptions belong to the sets of q-limits of the operation diagram. Figure 3 shows the variation of the volume integrated radiated power normalized to the ohmic power as a function of the inverse average drift speed for all the plasma currents and toroidal fields shown in Fig. 1 . The measurements were taken at -100 ms into the discharge, well within the current flat-top. The filling gas was deuterium. Each symbol represents a different magnetic field. It is important to note that the integral of the observed radiated power is not the total radiated power from the plasma, since we are only observing the plasma at one toroidal location -130" away from the limiter sector. The multichannel bolometer measures the toroidally symmetric part of the radiated power excluding the radiated power local to the limiter, which is greater, mainly due to impurities which are recycled or introduced at the limiter before they have reached an ionization level at which they can complete a toroidal transit. The value of the magnetic field has no effect on the distribution, which is possibly related to the lack of dependence of Te(0)/Ip on the magnetic field, illustrated in Fig. 4 . The independence of the fractional radiated power loss on B, therefore implies an independence on qa. Figure 3 shows discharges with impurity puffing which depart from the trend for the "pure" D, discharges. Discharges terminating benignly and those which terminated in a density disruption are indicated by open and filled symbols respectively. The solid line illustrates the trajectory of one particular shot slowly evolving in density. Although the disruptions occur generally at high values of eNe/Ip, i.e. at the high density limit, we have not isolated a fixed disruption "threshold". The disruptions occur between values of jPraddS/{PohdS = 40-100%, frequently below the threshold seen by WESSON et al. (1989, although we only detect the toroidally symmetric part of the radiated power loss, as discussed.
A N A L Y S I S O F T H E B O L O M E T R I C D A T A
With the poloidal symmetry caveat, we have inverted the radiated power profile, to estimate Prad(0). We have checked the sensitivity to the assumptions on the emission at the edge, by varying the radius at which the emitted power is assumed to be zero. This results in a negligible uncertainty in the estimate of total radiated power loss and only a small uncertainty in the radiated power loss on axis. The problem of toroidal symmetry is no longer important since, near the axis, the limiter position has no influence on the toroidal variation of the radiated power. a density of -80% of the disruption limit. Poh(r) is a crude estimate based on assumed profiles of E(r) and j ( r ) , and unfortunately cannot be measured directly. Figure 6 shows the dependence of the reduced axial radiated power Prad(0)/Poh(O), on the inverse average drift speed. Poh(0) has been estimated to be VJ27cR x jo(qo = 0.95) where V, is the surface loop voltage. The time evolution is indicated by a solid line, and the shots terminating in a disruption are indicated by filled symbols. There is a greater spread in the axial data although there is no systematic dependence on the toroidal field or the plasma current. The spread may be due to the uncertainty introduced by the inversion procedure. The discharges which terminated in a disruption are now distinctly separated from the benignly terminated discharges by a "threshold" of P r a d ( o ) / P o h ( o ) -15%. This is below the limit of 80% within the q(r) = 2 surface used by PERKINS and HULSE (1985) . The fact that the disruptions do not occur immediately on reaching a particular value of Prad(0)/Poh(O) implies that any discharge which exceeds the value of 15% will eventually disrupt if the current and density are held fixed, although 15% can be exceeded for well over a confinement time. This appears as an "inevitability" criterion rather than a threshold. To illustrate that non-stationary discharges depart from the distribution found for stationary discharges, Fig. 6 shows two temporal evolutions as dotted lines. In the first case the reduction of the loop voltage to nearly zero led to an increase in eNe/Ip, and the radiated power fraction was below the general distribution. In the second case, the gas feed was cut, resulting in a rapid drop in eNe/Ip, and the radiated power fraction evolved above the distribution. It crossed the value of Prad(0)/Poh(O) = 15%, and then dropped to more typical values during the benign discharge termination. Thus what appears to represent a disruption threshold. may be exceeded transiently. A discharge which evolves into a condition with a high probability of disruption, might be saved by a fast reduction in the plasma density. This "apparent threshold" exists only for the "pure" deuterium discharges. Figure  7 shows a hatched band corresponding to the "pure" deuterium discharges of Figs. 3 and 6 and additional data from impurity puffing experiments. Quantities of H,, He, Ne, N, and 0, were injected into a discharge, with 3, = 2 -3 x l O I 9 m-3. The normalized total and axial radiated powers shown in the figure are different from the 'generalized" form of the "pure" discharges. In addition Fig. 7 shows previous TCA data in which the metallic contamination of the plasma was high, and P r a d -(0)/Poh(O) was 50% HOFMANN et al., 1983) . We conclude that the fairly narrowly defined distribution of the normalised power versus the reduced parameter eNe/Zp, found for the "pure" discharges can not be generalised to other plasma conditions. We have used the bolometric data to estimate the impurity concentration over a range of densities, for discharges at full current, with T, -70&800 eV. We take the measured radial profiles of radiated power and electron density, and the modified coronal equilibrium radiation constants of POST et al. (1977) . Since the low-Z impurity radiation is small on axis for these values of electron temperature, we can calculate the metallic concentration using v ,~ = P,,d(0)/(n,(O)z x C,) where C, is the radiated power loss per atom per electron. In the parameter range used, C, --0.5 x Watt/atom/electron. The density of the metallic impurities varies from 2 4 x 1OI6 m-3 over the whole range of plasma density, with no obvious systematic dependence. This leads to a radiated power on axis which increases as fie.
This increase in radiated power on axis has also been recently discussed by BAG-DASOROV er al. ISLER et al. (1985) following studies on the accumulation of injected test impurities in tokamak plasmas. Both studies concluded that there is enhanced impurity confinement towards the high density limit. BAGDASOROV et al. (1985) derived a confinement time increasing as A,/Zp2 whereas ISLER et al. (1985) found the increase in central impurity retention was as a function of l/Bq. Our results are in agreement with an increasing impurity confinement, although we cannot deduce this mechanism from the raw bolometric data.
The value of eNeZp fairly narrowly defines the radiated power loss for steady state discharges in one machine condition, i.e. filling gas, limiter type and cleanliness. Figure 8 shows the evolution of the inverted radial profiles of Prad(r,t) and n,(r,t) through 7 points on the eNe/Ip scale, for the "pure" deuterium discharges, shown in Figs. 3 and 6. The trend towards less hollow profiles as the inverse average drift speed increases is seen for all conditions. There is no evidence of a disruption precursor on the 16-channel bolometer, in terms of an abrupt discontinuous change in the radiated power profile. This only applies to the true high density limit, and not for discharges which terminate following intense Mirnov activity. The multi-channel bolometer has been used to look at the radiated energy during a disruption. Figure 9 shows the radial profile of the time-integrated radiated power loss during a rapid current quench disruption, well within the density limit. We estimate the viewed radiated energy, i.e. the toroidally symmetric part, as 2.0 kJ. The estimated stored kinetic energy of this discharge before the disruption was 1.3 kJ corresponding to p p = 0.32. A fraction of the stored magnetic energy, 11 kJ, equal to the stored internal energy Li Zp2/2 plus the external magnetic energy Lo Ip2/2, must be radiated during the disruption. Similar results were obtained by SCATURRO and PICKRELL (1979) . Figure 10 presents the time evolution of the plasma current for two discharges. Curve (a) represents the behaviour of a disruption often associated with q = 3 or q = 2, when the current is very rapidly quenched. This type of disruption can also occur well inside the operation diagram, and the data shown in Fig. 8 correspond to such a disruption, the current falling to zero within a few milliseconds. Curve (b) shows the typical behaviour of a high density limit disruption. The initial current quench is slow, and only 15-20% of the plasma current is lost before the position control system recovers. A considerable loss of both density and fl + l , , occurs and the discharge then continues for 10-20 ms before control is usually again lost in a slow current quench (20 ms). We conclude that on TCA, the disruptions associated with the density limit are less severe than those at q = 2 or q = 3.
C O N C L U S I O N
We have presented a wide range of data from ohmically heated discharges. For one set of conditions, the normalised total radiated power loss is a narrowly distributed function of the inverse average drift speed. When impurities are added to the discharge, this dependence is considerably altered. The occurrence of disruptions for given conditions correlates well with a threshold of the normalized axial radiated power loss. This value can be exceeded in impure discharges. No evidence of any disruption precursor has been seen on the multi-channel bolometer or on the multichannel interferometer. The metallic impurity density is a roughly constant function of the inverse drift speed. During a rapid current quench disruption a fraction of the stored magnetic energy is radiated away. In this study we have not found a simple relation between the radiated power and the occurrence of a disruption, which is valid for all conditions. We therefore conclude that it is highly unlikely that a simple model, based on an a priori threshold for disruptions, can explain our data.
